We demonstrate a compact, robust, and highly efficient source of polarization-entangled photons, based on linear bi-directional down-conversion in a novel 'folded sandwich' configuration. Bi-directionally pumping a single periodically poled KTiOPO4 (ppKTP) crystal with a 405-nm laser diode, we generate entangled photon pairs at the non-degenerate wavelengths 784 nm (signal) and 839 nm (idler), and achieve an unprecedented detection rate of 11.8 kcps for 10.4 µW of pump power (1.1 million pairs / mW), in a 2.9-nm bandwidth, while maintaining a very high two-photon entanglement quality, with a Bell-state fidelity of 99.3 ± 0.3%.
Introduction
Entangled photons are essential for many fundamental quantum optics experiments, as well as a key resource in quantum communication [1] and the emerging field of quantum technologies [2] . Experiments in these fields are becoming increasingly demanding, and an efficient, high-quality source of entangled photons can now be considered a necessary tool in the quantum mechanic's toolbox. The quality of an entangled photon source is commonly characterized by its brightness, that is, the number of generated pairs per mW of pump power and per nm of generated bandwidth, as well as the purity of the entangled state, or visibility. With experiments incorporating entangled photons expanding to the fields of biology and telecom engineering, other essential criteria are the ease of operation and long-term stability, as well as the number, cost and complexity of optical components required to build the source.
To date the most widely used method for generating photon pairs is based on spontaneous parametric down conversion (SPDC) in bulk nonlinear crystals, such as potassium titanyl phosphate (KTP) and beta barium borate (BBO). Numerous schemes for polarization-entanglement of photon pairs generated in SPDC have been proposed, and demonstrated [3] [4] [5] [6] [7] [8] [9] [10] . In the case of collinear SPDC, two commonly implemented configurations are based on crossed crystals and non-degenerate wavelengths [11] , or a bi-directionally pumped crystal in a Sagnac-loop [9, 10] . These schemes share the advantage that no active interferometric stabilization is required, due to the common path configuration for down-converted and pump photons. Furthermore, using periodically poled (pp) crystals, they can be implemented in collinear, non-critically phasematched configurations in materials with large nonlinear coefficients, which has led to some of the brightest, high-visibility sources of polarization-entangled photons demonstrated to date (see Table 1 for a comparison). Waveguide-based sources could lead to even higher efficiency [12, 13] , but high brightness and polarization-entanglement-visibility are yet to be demonstrated simultaneously. Here, we restrict our considerations to the bulk case, where the crossed-crystal Table 1 : State-of-the-art sources of polarization-entangled photons, based on bulk SPDC in the near infrared region. The key performance characteristics are the detected pair-rate per mW of incident pump power (B), the full width at half maximum bandwidth (FWHM) of the generated photons (∆λ), the resulting spectral brightness (B/∆λ=B (λ) ) in pairs per mW per nm, and the Bell-state fidelity (F) achieved in the respective set-up. Ref. [14, 15] correspond to pulsed sources. For a comprehensive comparison of sources until 2007, see Refs. [16, 17] . To our knowledge, the highest total (un-normalized) pair-rate of 1. configuration, also known as 'sandwich' configuration, is widely used due to its ease of alignment; an advantage that comes at the cost of a greater complexity associated with the use of two nonlinear crystals, in particular with long periodically poled crystals. When combining SPDC from two different downconverters it is crucial that the sources be identical, as any difference would result in incoherent summing over different phase-contributions, thus diminishing the purity of the entangled state. Due to technical issues in the crystal poling procedure, such differences are indeed observed [19] , and both efficiency and spectral characteristics of nonlinear crystals may vary -even within the same batch. This requires additional efforts, such as maintaining the two crystals at different phase-matching temperatures, or narrow-band spectral filtering (at the cost of efficiency) to erase detrimental which-crystal information, and achieve high entanglement visibility. The Sagnac scheme is not prone to such issues as it makes use of only a single down-converting crystal, but requires overlapping the SPDC emission in both arms of the interferometer in order to achieve high brightness and visibility. This involves an intricate alignment procedure, particularly time-consuming for less experienced users, which becomes even more daunting with the small beam waists required to achieve high pairgeneration efficiencies.
Here we present a novel source of polarization-entangled photons which combines advantages of Sagnac and sandwich configurations, while using a limited number of optical components. The 'folded sandwich' scheme uses only one down-conversion crystal combined with a wave plate, to efficiently generate polarization-entangled photon pairs. In an experimental realization with an 11.48-mm-long ppKTP crystal we demonstrate both highly efficient pairgeneration, as well as a high degree of polarization-entanglement over a large bandwidth, without the need for active interferometric stabilization. The source can easily be further integrated and is likely to become compliant with the severe requirements of space flight and operation.
Linear double-pass scheme
We generate entanglement in a linear bi-directional down-conversion geometry as depicted in Fig. 1 . A pair of collinearly propagating, co-polarized pho-
The principle of operation can be understood as a 'sandwich' configuration, in which -instead of using a second orthogonally oriented crystal -the SPDC from a single nonlinear crystal (NLC) is transformed to the orthogonal polarization (i.e. 'folded sandwich').
tons is generated via SPDC in a nonlinear crystal (e.g. ppKTP). Polarizationentanglement at the non-degenerate wavelengths can be achieved via a polarizationflipped round trip [6, 20, 21] , where the photons emitted in the first pass (in state |V λs V λi ) are transformed to |H λs H λi , via the double-pass through specifically tailored wave plate (SWP) oriented at 45
• , that introduces a quarter-wave retardation in the NIR, and a half-or full-wave retardation for the pump. The SPDC generated in the second-pass of the pump is emitted in the state |V λs V λi , and a polarization-entangled state
results if a fixed relative phase relationship φ(λ s , λ i ) is maintained over the detected SPDC bandwidth. It is well-known that in SPDC, the summed phase of signal and idler photons equals the phase of the pump photons. The presented scheme thus does not require active path-length stabilization of the linear interferometer, since first-pass SPDC, and second-pass pump photons propagate along the same optical path [10] . Hence path-length fluctuations are effectively auto-compensated, as reflected in the absence of the interferometer path-length in the relative phase in Eq. 2. We note that any spatial which-crystal information the photons may carry after SPDC emission is effectively erased via the projection into the single spatial mode of a coupling fiber (not depicted in Fig. 1 ). Which-polarization information due to distinct spectral intensity profiles [19] is not present, as the scheme uses the same down-conversion crystal twice. However, distinguishing information remains in the spectral phase profile, and requires compensation -see section 2.1. The non-degenerate signal and idler photons are finally separated from the pump via a dichroic mirror (DM1), and transformed into two distinct spatial modes, using either a dichroic mirror (DM2) or fiber-based wavelength-division multiplexer. Note, that for the signal and idler to be efficiently isolated, this requires working at sufficiently non-degenerate wavelengths.
Compensation crystals
As a consequence of the double-pass through the dispersive nonlinear crystal, the |H λs H λi pairs generated in the first pass acquire different dispersive characteristics than the |V λs V λi pairs emitted in the second pass. As this can yield which-crystal information, leading to the deterioration of the purity of the twophoton polarization state, compensation of this phase is required. For photons propagating along the crystallographic x-axis of a ppKTP crystal of length L, the accumulated phase difference, resulting from the phases acquired individually by horizontally and vertically polarized pump, signal, and idler photons (φ
For an 11.48-mm ppKTP crystal, and the double-pass through an achromatic quarter-wave plate made of MgF 2 and SiO 2 , strong variations of the uncompensated relative phase appear, as depicted in Fig. 2 . In order to counteract this effect a 18.5-mm YVO 4 crystal, exhibiting opposite birefringent characteristics is inserted after the down-converter. This way an
effectively flat phase can be maintained over a broad spectral range φ C (λ s , λ i )+ φ(λ s , λ i ) ≈ C. Note that here we neglect additional effects that would be present when using broadband pump [17, 22] . For long nonlinear crystals, and correspondingly scaled compensation crystals, the thermal dependence of the optical path-lengths of extra-ordinary and ordinary polarized photons, makes thermal isolation necessary in order to achieve good long-term stability. In the case of 18.5-mm of YVO 4 , we calculate [23] that a temperature change of ∼ 2.4
• C results in a π phase-shift, which is in good agreement with the experimental data (see section 3). This means, that in order to maintain a fidelity above 99.5 % requires stabilization to ± 0.1
• C. Similarly, temperaturedependent path-lengths in KTP [24, 25] result in a required stability of the down-conversion crystal of ± 0.05
• C. 
Experiment
In the experimental setup depicted in Fig. 3, a 11 .48-mm-long ppKTP crystal (Raicol Crystals Ltd.), with a poling period of 3.425 µm, was mounted on an oven (TEC1), consisting of a Peltier element, a 10kΩ Thermistor, and a commercial temperature controller, with a specified long-term temperature stability of ±0.002
• C (Wavelength Electronics PTC2.5K-CH). The temperature was set to phase-match a collinear non-degenerate type-0 SPDC process, from 405.4 nm (pump) to ∼784 nm (signal) and ∼839 nm (ilder). The fiber-coupled output beam of a volume holographic grating stabilized continuous wave (cw) laser diode (LD) (Ondax Inc.) with a center wavelength (cwl) of 405.4 nm was attenuated and focused to a beam waist of approximately 30 µm at the center of the nonlinear crystal. The polarization rotation of the |V λs V λi photons to |H λs H λi was implemented via the double-pass through a standard achromatic quarter-wave plate (AC-QWP), that was additionally anti-reflection coated at 405 nm and 750 nm -850 nm, and oriented at 45
• with respect to the ppKTP z-axis. For normal incidence the AC-QWP actually introduced a retardation of retardation. This was mitigated by a 3
• tilt about the optical axis, under which it introduced the required retardation. At 405.4 nm, however, the AC-QWP introduced a retardation of λ 7 (as opposed to the full-λ retardation, required for full usage of the pump-power in both passes), which lead to a reduction of the vertically polarized pump component in the second pass. This effect was pre-compensated by placing a birefringent phase-(vWP) and half-wave plates (HWP) in the pump path; setting azimuth and ellipticity of the pump photons accordingly, ∼80% of the total pump power was polarized along the vertical ppKTP axis, and thus driving SPDC emission in both the first and second pass. The SPDC generated in both passes was spatially overlapped, locating the center of curvature of a broadband coated spherical mirror (M) at the crystal center ∼ z = R, and extracted from the interferometer via a highly reflective dichroic mirror (DM1) that transmitted the pump photons. Dispersive de-phasing effects due to the double-pass were reversed by 18.3 mm of YVO 4 crystal. Additionally, the temperature-dependent birefringence of the YVO 4 crystal allowed the phase of the entangled state to be set via temperature-tuning (TEC2 -with same specifications as TEC1), as depicted in Fig. 4 . A color-glass long pass filter (LPF) blocked remaining pump and stray light, before the photons were coupled to single-mode fiber using an f=18.4-mm aspheric lens (L2) collecting a Gaussian beam-waist of ∼ 45µm located at the crystal center. To assess the polarization correlations, the signal and idler photons were collimated and separated into two ports of free-space polarization analyzer, via a dichroic mirror with its transition edge angle tuned to 810 nm. The signal photons were then further filtered via an interference filter (IF) with a full width at half maximum (FWHM) pass-band of 3.5 nm and a peak transmission of ∼90% (effectively filtering the idler-photons, in coincidence detection). After traversing the analyzer modules, the signal and idler were coupled into multi-mode fibers and guided to two single-photon avalanche diodes (SPAD) with a detection efficiency of ∼50% (∼300 cps dark counts), where coincident measurement events were recorded via a fast FPGA-based coincidence counting logic (CC), with the coincidence window set to 3.2 ns. In order to characterize the source independently from the detection system, the normalized pair-detection rate and entanglement were first assessed at low pump powers, at which accidental coincidences and SPAD saturation effects were negligible. With the IF placed in the signal path, we detected a total coincidence rate of R c = 11.8 kcps and singles rates of R s =61 kcps, and R i =88 kcps, at a pump power of 10.4 µW incident on the crystal. This corresponds to an unprecedented detected pair rate of 1.1 Mcps/mW and a detected spectral brightness of 0.39 Mcps/mW/nm (sig-nal FWHM after IF ∼2.9 nm). We believe that pair-detection rates of several Mcps/mW are well within reach with this source design, and could be achieved by coupling the non-degenerate signal and idler photons to individual fibers, as well as using a longer nonlinear crystal and optimized beam waists [26] [27] [28] . • ,θ B = −45
• , as the relative phase φ is modified by temperature-tuning YVO 4 compensation crystal.
The polarization correlations were assessed by measurement of signal-idler coincidences in two mutually unbiased measurement bases (Fig. 4) via motorized polarization analyzer modules (qutools quMotor), consisting of a quarterwave plate (QWP) and a thin-film polarizer placed after DM2 (not depicted). The probability of measuring a signal-idler coincidence, as a function of the orientation of the two polarization analyzers (θ A for the signal and θ B for the idler photon) is P (θ A , θ B ) = = 98.8%, where the pump power at the crystal input facet was 0.028 mW in all cases. To further assess the quality of the entangled state, we measured the Bell-state fidelity via the fidelity witness F= Φ ± |ρ| 
Scaling to high pump powers
At higher pump powers, and correspondingly higher pair-rates, the limitations of the detection system employed lead to a decrease in fidelity and normalized detected pair-rate. For low count-rates, the scaling of experimental pair-rates is linear with the pump power. At higher pair-rates, the lower detection efficiency due to saturation effects leads to a decrease in two-fold rates. Figure 5 depicts the resulting deviation of observed two-fold rates from model calculations with ideal, saturation-free detectors (Simulated with the open access Matlab toolbox for quantum photonics [30] ). Additionally, the timing resolution of the detection system (3.2ns), leads to an increased number uncorrelated photons being registered as coincidences as the pair-rate increases (accidental coincidences), resulting in a lower raw fidelity for high pump powers. Note that these effects are however limitations of the detection system employed and could be mitigated utilizing an array of faster detectors. In our example an array of detectors with a timing resolution ∼500 ps [31] would be required to directly measure the full 1.1Mcps at a fidelity above 97%. For a more detailed analysis of the effect of multiple-pair detection, see e.g. Refs. [19, [32] [33] [34] . 
Verification of the phase-stability
The phase-stability of the configuration was experimentally verified via measurements of the fidelity over time. The source showed good temporal stability, making long-term operation viable with periodic calibration on a time-scale of hours (see Fig. 6 ). We believe that the stability could be even further improved, by placing a pre-compensation crystal in the pump path that effectively corrects for drifts of the pump cwl [11, 22] . To assess the mechanical stability requirements for the length of the double-pass cavity, we performed fidelity measurements for varied position of the retro-reflecting mirror (M). The result (Fig.  6) shows that the phase remains constant for small displacements (<100µm). For larger displacements of the mirror, a phase-shift resulting from dispersion in air and geometric effects of the interacting Gaussian beams [14] , as well as increasingly unbalanced fiber-coupling of first-and second-pass pair-emissions, lead to a decrease in fidelity with the initial state. 
Conclusions
We have demonstrated a robust, compact, and highly efficient (>1 Mcps/mW) polarization-entangled photon source (Bell-state fidelity > 99%), based on linear bi-directional down-conversion in a folded sandwich configuration. The doublepass geometry eliminates the need for active interferometric stabilization, and allows the generation of extremely high-quality polarization entanglement via an effective temporal walk-off compensation scheme with a long YVO 4 crystal. Moreover, the compensation crystal also allows easy and precise control of the phase of the entangled state via temperature tuning. Comparing to previously reported sandwich and Sagnac schemes, the source allows recycling the firstpass pump power, and requires only a single nonlinear crystal. Furthermore, there is no efficiency trade-off when spatially overlapping SPDC emission in long crystals, which can be particularly useful in experiments where high heraldingefficiency is critical. The high demonstrated efficiency and entanglement visibility, combined with ease of alignment and phase stability make the source a valuable addition to existing schemes, that could find immediate application in the implementation of long-distance free-space quantum communications and cryptography links, as well as in quantum optics laboratory experiments. The use of a limited number of optical elements makes the source extremely wellsuited for further integration and an ideal candidate for future applications in space.
